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A B S T R A C T 
We have compared the effects of different sterilization techniques on the properties of 
Bombyx mori silk fibroin thin films with the view to subsequent use for corneal tissue 
engineering. The transparency, tensile properties, corneal epithelial cell attachment and 
degradation of the films were used to evaluate the suitability of certain sterilization techniques 
including gamma-irradiation (in air or nitrogen), steam treatment and immersion in aqueous 
ethanol. The investigations showed that gamma-irradiation, performed either in air or in a 
nitrogen atmosphere, did not significantly alter the properties of films. The films sterilized by 
gamma-irradiation or by immersion in ethanol had a transparency greater than 98% and 
tensile properties comparable to human cornea and amniotic membrane, the materials of 
choice in the reconstruction of ocular surface. Although steam-sterilization produced stronger, 
stiffer films, they were less transparent, and cell attachment was affected by the variable 
topography of these films. It was concluded that gamma-irradiation should be considered to 
be the most suitable method for the sterilization of silk fibroin films, however, the treatment 
with ethanol is also an acceptable method.  
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1.  Introduction 
Bombyx mori silk fibroin (henceforward BMSF) is a fibrous protein that can be readily 
isolated from the domesticated silkworm cocoons and has received considerable attention 
over the last two decades as a biomaterial [1]. BMSF films can be produced using entirely 
aqueous processing methods and, owing to their transparency and a favourable interaction 
with cells, have been studied as potential substrata for regeneration of all three layers of the 
human cornea: epithelium [2–4], stroma [5–7] and endothelium [8]. To be used in such 
applications, the BMSF films must undergo sterilization by a method that retains their 
physical and biological properties. Consequently, a comparative study on the effects of 
different sterilization methods on the properties of BMSF films is necessary to determine the 
optimal method(s). 
The currently preferred methods of biomaterial sterilization include irradiation with 
high energy photons or treatment at high temperature. However, such treatments have been 
shown to adversely affect some polymeric and organic materials by initiating degradation 
and/or causing plastic deformation, and therefore resulting in altered performance in vivo [9]. 
Recently there were some reports on the effects of sterilization methods on the properties of 
BMSF films [10] and other silk-based, non-BMSF materials [11]. In these studies, a variety of 
sterilization techniques were employed, including gamma-irradiation, treatment by steam, dry 
heat treatment, exposure to ethylene oxide, immersion in ethanol and microfiltration, but there 
was little insight gained on the nature of their effects. Regarding BMSF, it was found [10] that 
gamma-irradiation enhanced the rate of degradation, steam treatment caused coloration and 
reduced mechanical strength, while sterilization ethylene oxide had minor side effects. 
In this study, we have investigated the effect of four sterilization techniques, 
immersion in 70% ethanol, steam, gamma-irradiation in air and gamma-irradiation in nitrogen 
(henceforward N2), upon the physical properties of BMSF thin films and upon the attachment 
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of corneal epithelial cells to these films. Both steam and gamma-irradiation are sterilization 
methods routinely used in industry and their use is consistent with the solvent-free processing 
employed during film manufacture. The general difficulty in removing residual ethylene 
oxide from biomaterials after sterilization [9] was the main reasons we did not include this 
treatment in our study. Lastly, ethanol treatment was also investigated because, although it 
has limited efficiency to act on endospores and therefore its use in clinical practice is not 
recommended [12], it has been used preferentially to sterilize BMSF films in the majority of 
in vitro investigations in conjunction with corneal cells [2,3,5–8]. Four properties of the 
hydrated BMSF films that are important for their use in corneal regeneration were 
investigated in the present study: transparency, tensile characteristics of hydrated films, 
relative degradation rate and the corneal epithelial cells attachment.  
 
2.  Materials and methods 
 
2.1.  Materials 
 
Bombyx mori cocoons were supplied by Tajima Shoji Co. Ltd. (Yokohama, Japan), all 
cut in half and with the pupae removed. Water for chromatography (Lichrosolv®) was 
purchased from Merck KGaA (Darmstadt, Germany) and used throughout the preparation of 
BMSF films. Minisart® filters (20 µm) and Minisart®-GF pre-filters (80 µm) were supplied by 
Sartorius Stedim Biotech, Germany. The dialysis cassettes (Slide-A-Lyzer®) and SnakeSkin™ 
dialysis tubing (MWCO 3.5 kDa) were purchased from Thermo Scientific (Rockford, USA). 
Cyclohexane (A.R. grade) was purchased from Chem-Supply (Adelaide, Australia) and 
Topas® 8007S-04, a cyclic polyolefin copolymer (CPC) was obtained from Topas Advanced 
Polymers (Frankfurt, Germany). Medipack® sterilization pouches (Medipack Medical 
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Packaging, Taoyuan City, Taiwan) were used to sterilize the films by gamma-irradiation or by 
steam. High purity N2 (BOC, Sydney, Australia) was used when samples were gamma-
irradiated in a N2 atmosphere. All cell culture media and reagents as well as the SDS-PAGE 
gels, MOPS buffer, sterile Hank’s buffered saline solution with calcium and magnesium 
(HBSS), the antibiotic-antimycotic solution and the Quant-iT PicoGreen reagent kit were 
obtained from Invitrogen Life Technologies (Mulgrave, Australia). Sterility testing was 
performed using a nutrient broth (CM0001) supplied by Oxoid, Thermo Scientific (Adelaide, 
Australia) and autoclaved prior to use. The molecular weight marker for gel electrophoresis 
(Precision Puls Protein Dual Colour Standard) was from Bio-Rad (Hercules, USA). Foetal 
bovine serum (FBS) (HyClone) was obtained from Thermo Scientific (Rockford, USA). The 
SV40-transformed cell line derived from human corneal epithelial cells (HCE-T, passages 77-
81) was supplied by the Riken Cell Bank (Tsukuba, Japan). All other chemicals and 
consumables were all purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without 
further purification. 
 
2.2. Preparation of BMSF films 
 
Aqueous BMSF solutions were prepared according to a previously reported method 
[8] with the only exception that water for chromatography was used. Briefly, the cocoons 
were boiled in a 0.02 M sodium carbonate solution for 1 h and then rinsed three times with 
water at 70–80°C. The dried degummed fibres were dissolved in 9.3 M lithium bromide 
solution at 60°C for 4 h to produce a 10% w/v fibroin solution. This was filtered successively 
through Minisart® syringe pre-filters (80 !m) and filters (20 !m), and dialyzed in a dialysis 
cassette against water for 72 h, and included six water exchanges. The resulting fibroin 
solution was filtered and stored at 4°C for up to 1 month. Films were cast from this solution 
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using an automated doctor blade apparatus. First, a 7.5% w/v solution of Topas® CPC in 
cyclohexane was cast on a glass plate and allowed to dry slowly into a film. Then a 1.78% 
w/v fibroin solution was cast over the CPC-coated plate and air-dried overnight. The CPC-
fibroin laminate was removed from the glass plate and annealed in a vacuum enclosure (–80 
kPa) in the presence of water (in a beaker) for 24 h at room temperature. Finally, the BMSF 
film was peeled from the CPC film and stored in a desiccator. Using a micrometer, the 
thickness of films was measured at 5 ± 2 µm. 
 
2.3.  Sterilization of BMSF films 
 
Ethanol-sterilization: Films were immersed in 70% v/v aqueous ethanol at room 
temperature for 1 h. The films used in the cell attachment and sterility assays were rinsed 
three times with HBSS, stored in fresh HBSS under sterile conditions, and used on the same 
day. The films used in all other experiments were rinsed with sterile-filtered water twice 
before being dried at room temperature and then stored in a desiccator.  
Steam-sterilization: Films were placed in sterilization pouches and treated in an 
autoclave at 134°C and 216 kPa for 12 min. After the films had cooled and dried, they were 
stored in a desiccator. 
Gamma-irradiation: Films were placed in sterilization pouches and irradiated at room 
temperature with 15 kGy from a 60Co Gammacell 220 facility which had a dose rate of 1.4 
kGy/h. For irradiation under a N2 atmosphere, the pouches were placed in a glass vessel and 
purged for 2 h with high purity N2. After sealing the vessel, the samples were irradiated in it. 
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2.4.  Sterility testing 
 
Four sets each comprising 5 discs of BMSF film (16-mm diameter), which had been 
each subjected to one of the four sterilization procedures, were tested for sterility by a 
procedure adapted from a previous publication [13]. Each disc was placed in a well of a 24-
well plate with 2 mL of sterile nutrient broth CM0001, and incubated at 37°C in a vented 
oven. The samples were observed visually every day for 7 days. Non-sterilized films placed in 
the same nutrient broth were used as controls. Clouding of the broth within 7 days indicated 
inefficient sterilization, whereas a transparent solution showed that the samples were 
uncontaminated.  
 
2.5.  Transparency 
 
Discs of BMSF film (16-mm diameter) were placed in the wells of a 24-well plate 
with 1 mL of 0.01 M phosphate buffered saline (PBS) and incubated at room temperature for 
1 h. The transmission of 450-nm visible radiation through the films was measured at room 
temperature using a microplate spectrophotometer (Paradigm Absorbance Detection, 
Beckman Coulter, USA). The measurements were done in triplicate and the PBS-only control 
background was subtracted from the reported results.   
 
2.6.  Scanning electron microscopy (SEM)  
 
SEM was performed using a Quanta 200 SEM/ESEM instrument (FEI, USA) 
operating in standard high vacuum mode using a standard tungsten cathode. Samples were 
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placed on a specimen stub lined with double-sided adhesive conducting tape then coated with 
a thin layer of carbon or gold to reduce sample charging. 
 
2.7.  Tensile properties  
  
Strips (10 ! 30 mm) of films were tested in quadruplicate at a crosshead speed of 14 
mm/min using an Instron 5848 microtester (Instron, UK) with a 50 N load cell. The gauge 
distance was set to 14 mm and samples were loaded into pneumatic grips and submersed in 
PBS, preheated to 37±3°C, in a BioPuls unit for 5 min prior to stretching. The tensile modulus 
was determined from the slope of the linear region of the stress-strain curve.  
 
2.8.  Fourier transform infrared attenuated total reflectance (FT-IR-ATR) spectroscopy 
 
FT-IR-ATR spectra were collected using a Nicolet Nexus spectrometer (Thermo 
Scientific, USA), equipped with a Nicolet Smart Endurance single bounce germanium crystal 
accessory. The angle of incidence was 45°, thus the effective penetration depth of the IR 
beam is approximately 1/15 of the wavelength (~0.4 "m in the amide I region) [14]. Each 
spectrum was obtained by co-adding 64 scans of the 4000 cm-1 to 525 cm-1 region at a 
resolution of 4 cm-1. Triplicate spectra were collected for each film sample. The Grams/32 AI 
(version 6.00) software (Thermo Scientific, USA) was used for spectral analysis. Spectra 
were baseline corrected and normalized to the height of the amide I band prior to spectral 
subtraction. Spectral subtraction was limited to the 1850–1450 cm-1 region. 
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2.9.  Gel electrophoresis 
 
The method was used to investigate comparatively the distribution of molecular 
weight in the non-sterilized and sterilized BMSF. 
Pieces of film (10–20 mg) were dissolved in 9.3M lithium bromide at 60°C to give a 
fibroin concentration of 1% w/v. After 4 h the solutions were filtered through a 0.45 µm 
syringe filter into the SnakeSkin™ dialysis tubing and dialysed for 48 h, during which time 
five water exchanges were carried out. Sodium dodecyl sulphate polyacrylamide gel 
electrophoresis (SDS-PAGE) was run based on a previously reported procedure [15]. 
Approximately 50 µg of protein was loaded into a 1-mm thick 4–12% NuPage® Novex® Bis-
Tris Mini Gel in 1 ! MOPS buffer. The gels were run at 180 V for 1 h with a Precision Plus 
Protein Dual Colour Standard molecular weight ladder. The gels were fixed for 30 min in 
40% methanol, 10% acetic acid, then rinsed briefly in water before the addition of 50 mL of 
an aqueous solution containing 1 g of potassium ferricyanide (III) and 1.25 g sodium 
thiosulfate pentahydrate for 5 min. Gels were washed with several changes of water until no 
yellow colour remained and then incubated in 50 mL of a 12 mM solution of silver nitrate. 
The excess of silver nitrate was removed with two quick rinses of distilled water, followed by 
two quick rinses with 2.9% sodium carbonate before the gel was developed in 50 mL of a 
solution of 2.9% sodium carbonate containing 50 "L formaldehyde. The reaction was stopped 
with 5% acetic acid. The protein distribution was quantified using densitometric 
measurements taken along the length of the gel (ImageJ, NIH, USA). The space between 
sample columns of the gel was used as a background and subtracted from these plots, which 
were then normalized using the most intense measurement.  
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2.10.  Degradation of films 
 
Pre-weighed 15-mm diameter circular specimens of sterilized and non-sterilized 
BMSF films were placed in the wells of a 24-well plate. A disc of polyethylene of same size 
was placed between the film and the well’s bottom to assure a facile removal of the BMSF 
film after drying. The films were incubated at 37°C with 1 mL of a 46 U/mL collagenase 1A 
and 1% antibiotic-antimycotic solution in a 50 mM TES buffer (0.36 mM CaCl2, pH 7.4). 
According to the information provided by the supplier, 1 U is defined as the amount of 
protease needed to hydrolyze casein to produce the colour equivalent to 1.0 µmole tyrosine in 
5 h at pH 7.5 at 37°C. The collagenase solution was exchanged for fresh solution every other 
day for 6 days, when the assay was terminated. At set time intervals, the collagenase solution 
was removed and the wells were rinsed two times with deionized water and dried at room 
temperature under vacuum. Once dried, films were re-weighed to determine the percentage 
mass loss, using a 5-decimal place analytical balance. The degradation test was carried out in 
triplicate.  
 
2.11. Cell attachment assay 
 
A SV40-transformed cell line (HCE-T) derived from human corneal epithelial cells 
was used for the cell attachment assay. Cultures were maintained in Dulbecco's Modified 
Eagle Medium: Nutrient Mixture F-12 media (DMEM/F12) supplemented with GlutamaxTM, 
10% FBS and 1% antibiotic-antimycotic solution and were passaged using Versene and 
TrypLETM. BMSF films, mounted in Teflon chambers were seeded with 20,000 cells. After 
incubation for 4 h in 5% CO2 at 37°C, the cultures were rinsed in Hank’s HBSS, and the DNA 
content of attached cells was quantified using the PicoGreen assay according to a procedure 
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established in our laboratory [16]. All experiments were done in triplicate. Bright-field 
microscopy was used to visualize and photograph the cells, in a Nikon TE2000-U (Japan) 
instrument. 
 
2.12.  Statistical analysis 
 
Statistical analyses were performed using one-way ANOVA tests, followed by post-
hoc Tukey tests for pair-wise comparisons. Statistical significance was reported only if p < 
0.05. 
 
3.  Results and discussion  
 
As the effect of sterilization on the properties of BMSF has not been systematically 
studied, we have manufactured BMSF films using entirely aqueous processing methods and 
studied how sterilization affects their transparency, tensile properties, degradation and cell 
attachment. The conditions selected for each sterilization method used in this study are based 
on those quoted in standards [17], or commonly recommended in our laboratory [2]. 
 
3.1. Sterility of films 
 
The effectiveness of each sterilization method was assessed by monitoring for 
evidence of microbial growth over 7 days in a nutrient broth solution following the addition 
of test samples of the BMSF films. Reduced transparency of the broth was taken as an 
indication of ineffective sterilization. All sterilization methods were shown to be effective as 
none of the wells that contained sterilized films became cloudy. In contrast, 3 out of 5 wells 
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that contained samples of non-sterilized film became cloudy. These results confirm the 
requirement for BMSF films to be sterilized prior to clinical use and validate the suitability of 
the sterilization methods tested in this study.   
 
3.2.  Transparency 
  
Prior to sterilization, the transmittance of 450-nm wavelength light through the film 
was 98.0 ± 0.9 %. After sterilization by immersion in ethanol, or by gamma-irradiation in 
either air or N2, the transparency did not significantly change (Fig. 1). Steam-sterilization, 
however, resulted in a slight but statistically significant decrease in transparency to 95.6 ± 
0.6% (p < 0.05, n = 3). 
 
[Fig. 1] 
 
Transparency of a biomaterial implanted in the optical pathway of the eye is essential 
for vision. Prior to sterilization, the BMSF films had a transparency of 98.0 ± 0.9% at 450 nm 
which was greater than the transparency of donor central human cornea (87.1 ± 2.0% at 500 
nm) [18] and of amniotic membrane (62–85% at 550 nm) [19], the substratum most 
frequently used in tissue-engineered corneal constructs. 
Of the sterilization methods examined, only steam-sterilization led to a significant 
decrease in transparency. However, those films were still more transparent than both donor 
human cornea and amniotic membrane. Decreased transparency is typical of diffuse 
reflectance of the incident light by surface roughness and microscopic irregularities within the 
material. Hence, the reduction in transparency may be a consequence of the topographical 
features that are present only on films subjected to steam. An enhanced crystallinity may also 
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contribute to the decrease in transparency. The origin of the unique topography of the steam-
sterilized film surface is unknown, but may be related to inhomogeneous contraction of the 
film during rearrangement of chains into densely packed #-sheet structures. The topography 
of the steam-sterilized film may also result in optical aberrations, which can also affect the 
quality of vision. Thus, based upon the transparency results alone and strictly limited to a 
comparative assessment of the methods and materials investigated here, gamma-irradiation 
and immersion in ethanol are preferable as sterilization methods for BMSF. 
 
3.3. Topography of film surface 
 
The SEM analysis of film surfaces revealed that while the non-sterilized, ethanol-
treated, and gamma-irradiated films all had very smooth, featureless surfaces (Fig. 2A), the 
surface of the steam-sterilized films displayed specific topographic features with diameters in 
the micrometre to millimetre range (Fig. 2B). 
 
[Fig. 2]      
 
3.4.  Tensile properties 
 
The results of tensile testing of films in PBS at 37±3°C are shown in Table 1. 
Sterilization by gamma-irradiation in both air and N2 resulted in slight but not statistically 
significant decreases in both modulus and ultimate strength. In contrast, sterilization by 
immersion in 70% ethanol resulted in a slight increase in both tensile properties, but again this 
was not found to be statistically significant. Steam-sterilization did result in a statistically 
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significant increase in both modulus and ultimate strength. Elongation to break was less than 
100% for all types of film. 
[Table 1] 
 
The feasibility of any corneal graft is critically dependent on its amenability to 
surgical manipulation during implantation. Tensile stresses are applied to the material through 
the use of forceps and, for endothelial transplantation/replacement there is additional stress 
associated with introducing the material to the posterior of the cornea through key-hole 
techniques. Consequently, the BMSF films to be implanted should ideally possess tensile 
properties that are at least comparable to those of the currently implanted materials (donor 
corneal tissue, amniotic membrane).  
The modulus and tensile strength of non-sterilized BMSF films were generally 
comparable to those of the denuded amniotic membrane and the human cornea. The only 
method that changed significantly the tensile properties of BMSF films was the steam-
sterilization, which led to increased modulus and strength. 
Both the primary and secondary structures have been shown to influence the tensile 
properties of BMSF films and fibres [10,20,21]. A reduction in the molecular weight of the 
BMSF protein was associated with a decrease in tensile strength of the fibres, while it has 
been shown that increased #-sheet content in fibroin results in stiffer and stronger materials. It 
is believed [21] that the enhanced crystallinity induced by higher #-sheet contents is 
responsible for the enhanced modulus and tensile strength. In the present study, immersion in 
ethanol had no significant effect on the tensile properties which is consistent with the SDS-
PAGE and FT-IR-ATR results showing only a minor effect on both the primary and 
secondary structure. Likewise, the slight, but not statistically significant decrease in tensile 
modulus and strength of gamma-irradiated films was consistent with the slight decrease in 
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molecular weight and unchanged secondary structure observed after this treatment. In 
contrast, the tensile strength and modulus of the steam-sterilized films were significantly 
greater than those of the non-sterilized films. A comparison between the FT-IR-ATR spectra 
of the steam-sterilized and non-sterilized films indicated a large increase in the #-sheet 
content in the former, which is consistent with other studies [21,22], and thus may account for 
the increase in tensile properties. In another study [10], however, an opposite effect has been 
observed: a reduction of approximately 33% in the tensile strength was measured following 
steam-sterilization, which was attributed to a reduction in the molecular weight of fibroin 
caused by the steam treatment. Also, only a minor increase in #-sheet content of the already #-
sheet rich fibres was noticed. In our study, it appears that the large increase in #-sheet had a 
much greater influence on tensile properties than the slight decrease in molecular weight. 
 
3.5. Primary structure of fibroin 
 
SDS-PAGE was used to visualize the molecular weight distribution of BMSF before 
and after film sterilization (Fig. 3). Prior to sterilization, the films had a broad distribution of 
molecular weight between 250 kDa and ~37 kDa. It has previously been reported [20] that the 
processing conditions employed to make regenerated aqueous solutions, particularly the 
degumming step that includes treating at high temperatures in basic solution, causes chain 
scissions of the proteins and results in a broad molecular weight distribution. 
 
[Fig. 3] 
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The treatment with ethanol appeared to have only a minor influence on the molecular 
weight distribution. However, steam and gamma-irradiation in both air and N2, appeared to 
slightly broaden the distribution and shift it to lower molecular weights. 
 
3.6. Secondary structure of fibroin 
 
The amide I region (1600–1700 cm-1) of the FT-IR-ATR spectra of BMSF films 
sterilized by the different methods is shown in Fig. 4. The amide I band is attributed to the 
stretching vibration of the amide carbonyl and, as this vibration is sensitive to hydrogen 
bonding, the shape of the convoluted band can be used to provide an insight into secondary 
structure composition of the protein. Prior to sterilization, both the amide I band shape and its 
peak maximum at 1651 cm-1 indicates that the film had a substantial random coil component. 
The small shoulder at ~1626 cm-1 indicates that there was a smaller but significant amount of 
inter- and intramolecular #-sheets. 
 
[Fig. 4] 
 
Changes in the amide I region were only observed for the films sterilized with steam 
or ethanol. Spectral subtraction of the amide I region in the FT-IR-ATR spectrum of the non-
sterilized film from the spectrum of the film sterilized by 70% ethanol (Fig. 4B) showed that 
ethanol treatment resulted in only a very small increase in the intermolecular and 
intramolecular #-sheet regions and a slight decrease in turns, $-helices and random coils 
regions. Sterilization with steam had a much greater effect on the secondary structure of films, 
resulting in a large increase in the intermolecular #-sheet region and a corresponding decrease 
in the turns and $-helices regions, and most particularly, in the random coil region. These 
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findings confirm the effects of post-annealing treatments with ethanol and steam as reported 
elsewhere [21-23]. 
 
3.7.  Degradation of fibroin films 
 
Rapid enzymatic degradation studies were performed in vitro on film specimens 
(around 1.2 mg each) at 37°C using collagenase 1A as the model protease, and the mass loss 
was monitored every other day for a total duration of 6 days, when the non-sterilized, gamma-
irradiated and ethanol-treated films appeared extensively fragmented. The steam-sterilized 
films were intact at the end of assay and remained so even 16 days after immersion in the 
collagenolytic medium. The lowest rate of mass loss was shown by the steam-sterilized films, 
followed by the ethanol-treated films, while the non-treated and the gamma-irradiated (both 
air and N2) films degraded faster. Thus, after 6 days, the average mass loss in the steam-
sterilized films was 0.125 mg/cm2, in the ethanol-treated films was 0.215 mg/cm2, while in 
the remaining types of films was generally around 0.3 mg/cm2. The differences were 
statistically significant (p < 0.05) between the gamma-irradiated films and those steam-
sterilized, as well as between the non-treated films and those steam-sterilized. 
Biodegradation of BMSF is desirable in reconstruction of ocular surface, although the 
optimum degradation rate is not certain. Long-term studies on the implanted amniotic 
membranes in human and rabbit corneas have shown that the grafts generally took from 
several months to years to fully disintegrate [24–26], an interval that may be appropriate for 
the BMSF films too. 
There are many proteases involved in the process of corneal wound healing, including 
metalloproteinases (MMP-1 to MMP-3, MMP-8 and MMP-9) and a number of serine 
proteases [27]. In vivo studies have shown that porous BMSF films implanted in rabbit 
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corneal stroma disintegrated within 6 months [4], suggesting that the BMSF protein is 
susceptible to cleavage induced by some of the corneal proteases. In the present study, we 
elected to undertake a rapid in vitro enzymatic degradation assay using the model protease 
collagenase 1A to provide an indication of how sterilization affects the relative degradation 
rates and mechanism of erosion of BMSF films. Collagenase 1A has previously been shown 
to degrade BMSF films [28]. Our results here indicate that the sterilization method may have 
a significant effect on the rate of degradation. There appears to be a strong correlation 
between the #-sheet content and the rate of degradation, whereby the steam-sterilized films 
with greater #-sheet content degraded at a slower rate. This trend is consistent with other 
studies [21,23], although additional factors have been identified [29] which can also influence 
the degradation, including the hydrogen bonding and the nanostructure of the film. Our results 
suggest that the method of sterilization of BMSF films is one factor to be considered when 
their enzymatic degradability is expected to be relevant for certain applications.  
 
3.8.  Cell attachment 
  
The attachment of HCE-T cells was used to gauge the initial cell response to the films 
sterilized through the different methods. The micrographs taken after the 4-h attachment assay 
showed that cells were distributed randomly on the non-sterilized film and films sterilized by 
gamma-irradiation and ethanol-immersion, while on the film that was sterilized by steam, the 
cells were mostly located in the crevices (Fig. 5). The relative amount of attached cells, which 
is proportional to the amount of DNA extracted from the attached cells, was not significantly 
different between the films (n = 3, p > 0.05).  
 
     [Fig. 5]       
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Our previous investigations on ethanol-sterilized films have shown that the human 
corneal limbal epithelial cells attach and proliferate adequately on BMSF films [2,3]. In the 
present study, the amounts of cells attached to all films were similar regardless of the 
sterilization method applied. Whilst random attachment was observed on non-sterilized, 
ethanol-sterilized and gamma-sterilized films, the cells were found almost exclusively in the 
troughs of the films sterilized by steam. This is probably due the preference of cells to settle 
into lower regions prior to attachment. 
 
4. Conclusions 
 
The BMSF films have been studied as potential corneal tissue engineering substrata, 
since they can support cell attachment and proliferation, are biocompatible, transparent and 
display a conveniently slow rate of degradation in vivo. 
Sterilization of water-annealed BMSF films by gamma-irradiation in either air or N2, 
has no statistically significant impact on film transparency, tensile properties and cell 
attachment when compared to the non-sterilized film. In contrast, steam-sterilization may lead 
to a decrease in transparency, presumably due to a change in the film topography and to an 
enhanced crystallinity. In these films, the cell attachment can also be influenced by the 
topography, while an increase in tensile properties can be caused by an enhancement of #-
sheet content induced by the exposure to steam. The degradation of films is influenced by the 
sterilization method, and the implications may be relevant to the intended biomedical 
applications of fibroin in tissue engineering.  
Overall, our study suggests that exposure to gamma-rays is superior to exposure to 
steam for the sterilization of thin BMSF films intended as scaffolds for corneal tissue 
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engineering due to greater transparency and tensile properties. However, the standard practice 
in research laboratories of sterilizing the BMSF films by immersion in ethanol appears to be 
also an acceptable method. 
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Figure Captions 
 
Fig. 1. Transmittance of 450 nm light through hydrated BMSF films. The asterisk indicates 
statistically significant difference in film transparency (p <0.05, n=3, error bars=SD). 
 
Fig. 2. Representative SEM images of the surface of BMSF films sterilized by immersion in 
ethanol (A) or by steam (B). Non-irradiated films and those sterilized with gamma irradiation 
were similar to those treated with ethanol and also demonstrated a smooth, featureless surface 
(data not shown). The scale bar represents 500 µm.  
 
Fig. 3. (A) SDS-PAGE of BMSF film samples that had been not sterilized (lane 2) or 
sterilized by: 15 kGy of gamma-irradiation in air (lane 3); 15 kGy gamma-irradiation in N2 
(lane 4); immersion in 70% ethanol (lane 5) and; steam (lane 6). Lane 1 shows the molecular 
weight marker positions of 250, 150, 100, 75, 50, 37, 25, 20 and 15 kDa (top to bottom). (B) 
Densitometric analysis of the protein distribution along the gel for each film treatment. 
 
Fig. 4. Representative amide I regions of the FT-IR-ATR spectra (A) of non-sterilized film 
(_____); film sterilized by immersion in 70% ethanol (__ __); film sterilized by steam (_ _ _ _); and 
film sterilized by gamma-irradiation in air and N2 (%%%%%%%%%), and the result of spectral 
subtraction of the non-sterilized film spectrum from the spectra of the sterilized films (B). In 
(A) the trace corresponding to the sample sterilized by gamma irradiation (%%%%%%%%%) is totally 
superimposed on the trace for the non-sterilized sample (_____) and cannot be seen. The 
horizontal lines represent the location of particular BMSF secondary structures [21]: 
intermolecular #-sheets (#1); turns (T); $-helices ($); random coils (R); extended chains (E); 
intramolecular #-sheets (#2); aggregate #-strands (#a) and; tyrosine side chains (S). 
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Fig. 5. Representative micrographs of HCE-T cell attachment after 4 h on: non-sterilized 
BMSF films (A); films sterilized by gamma-irradiation in air (B); gamma-irradiation in N2 
(C); immersion in 70% ethanol (D); and steam (E). Magnification: 100x. Panel (F) shows the 
average DNA content resulting from the cells attached to films. Values are the average results 
of triplicate experiments and the error bars represent the standard error of the mean.  
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Table 1 
Tensile properties of the films sterilized by different methods, measured in PBS at 37±3°C 
(mean ± SD, n=4) and tensile properties reported in literature for human cornea and amniotic 
membrane.  
 
Sterilization method 
/Material 
Modulus 
(MPa) 
Ultimate strength 
(MPa) 
Elongation at 
break (%) 
None 22.2±5.2 2.2±0.2 32±7 
Gamma (in air) 16.1±3.8 2.0±0.3 38±16 
Gamma (in N2) 15.8±3.8 1.9±0.4 27±17 
Ethanol (70%) 26.1±6.0 2.9±0.4 41±9 
Steam 37.3±6.2a 6.2±0.7a 27±3 
Human cornea  [30,31] 5-13 3.81±0.40     b 
Denuded amniotic 
membrane [32] 
21.65±6.82 11.82±2.34     b 
 
a Values that are significantly different (p < 0.05) from those measured for the non-sterilized 
films. 
b Not given in the referenced source. 
 
 
 
  
 
